High temperature solid-oxide fuel cells (SOFCs) present a challenging harsh environment for sensor systems with temperatures above 800C and ambient hydrogen concentration potentially ranging from 0-100% across the cell's anode. A strong gradient exists in both gas concentration and temperature from the fuel-inlet to outlet as fuel is consumed across the cell. We report a technique for measuring the spatial distribution of temperature along a solid-oxide fuel-cell interconnect channel using a distributed interrogation system coupled with a single-mode fiber optic thin-film evanescent wave absorption sensor. These sensors are to be operated inside an operating fuel-cell stack yielding spatially distributed measurements with sub-millimeter accuracy. Details are presented pertinent to the stable operation of silica optical fibers in the presence of high hydrogen concentration which can induce optical fiber losses. The stability of Rayleigh scattering centers is discussed with regard to the operational environment. The potential for extension of the approach to chemical (i.e. hydrogen) sensing as well as dual hydrogen/temperature sensor fabrication and stabilization are also briefly discussed.
INTRODUCTION
Solid oxide fuel-cells have been commonly used for the conversion of liquid and gaseous fuels directly into electricity for decades. While miniaturized low-temperature fuel-cells are more commonly found in applications like satellites or other mobile devices which are difficult to recharge or have stringent weight requirements; the high-temperature solidoxide variety are often employed in power applications. These systems often operate at temperatures of 600-1000C, and can achieve about 60% fuel-to-electric conversion efficiency. A schematic diagram of a standard SOFC cross-flow configuration is shown in Figure 1 . The electrolyte in these devices is a solid material such as a ceramic, which conducts ions only at high temperatures. Fuel flows from inlet to outlet across a series of parallel channels exposed on one side to the ceramic electrolyte. Another set of channels oriented at 90 degrees to the fuel channels facilitates introduction of air into the cell. As fuel passes through the cell, it is consumed and produces steam. Similarly, oxygen is depleted from the air supply as it passes through the cell. The channels also serve as electrodes from which current is drawn and utilized. High operational efficiency makes solid-oxide fuel cells excellent choices for off-grid generation, low-emissions gasbyproduct utilization, emergency generating capabilities, and flexible fossil based power generation with high ramp rates and high efficiencies at low fuel utilization [1] . Furthermore, novel hybrid co-generation schemes which employ a fuelcell in combination with another power system like a turbine are currently being researched as viable systems for carbon capture and sequestration [2] . Therein, waste heat from the turbine exhaust heats the fuel-cell stack to maximize efficiency. This technique aims to incorporate fuel-cells with existing energy generation facilities to make use of waste heat and opportunity fuels such as coalbed methane or biogas to increase generation efficiencies and reduce CO2 emissions.
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Figure 1 -Schematic of a cross-flow SOFC (c.o. NETL).
While fuel cell materials have progressed significantly with ceramic-science, and significant modelling efforts have been performed to predict cell performance and degradation mechanisms, sensors and controls for SOFC systems are limited due to the lack of suitable sensor-devices capable of operating in the harsh fuel-cell environment. Presently, high-temperature commercially available SOFCs are generally not instrumented well and tend to have little more than single point thermocouples to measure cell operations. Thermocouples provide single-point temperature measurements and because a fuel-cell is an energized electrical system, special care must be taken to ensure that electrical sensors like thermocouples are insulated from the conduction channel and do not allow stray current to travel through the sensor leads. We report here on the operation of fiber optic sensors for fuel-cell monitoring and control applications with unique attributes particularly compatible with in-situ monitoring of energized SOFC systems.
The use of optical fibers enables exciting new measurement possibilities for industrial fuel-cell systems. Firstly, the use of optical fibers ensures that any point inside the fuel-cell system can be accessed without the need for electrical insulation or wiring prone to electromagnetic interference and stray current. Secondly, fiber optic sensors bring to light the possibility of conducting detailed chemical species analysis inside an operating fuel cell along with in-situ temperature measurements. A myriad of different single-point chemical sensors have been demonstrated in the literature on fiber optic platforms. Some of these sensors are purported to operate in the temperature range of interest, and may be configured to detect various species including methane, hydrogen, CO, alcohols, and liquid hydrocarbon fuels. Finally, a number of fiber-optic distributed interrogation systems are available commercially; which make use of Rayleigh, Raman, or Brillouin Scattering to produce continuous measurements of optical fiber properties along the length of the optical fiber. These distributed interrogation systems are often used for simple temperature or strain measurements along the fiber. In our research, we aim to produce novel distributed sensing techniques, which provide information about environmental chemistry and species present, along with the standard distributed physical property measurements such as temperature. Research in fiber-optic chemical sensing, combined with off-the-shelf distributed interrogation systems can yield a solution for SOFC sensing capable of reporting the distribution of fuel (or oxygen) utilization and the temperature gradient across the fuel-cell channels with high spatial resolution.
There are a number of drawbacks to the utilization of fused-silica-based optical fibers in the fuel-cell environment. Firstly, operation in a fuel cell requires that sensors be capable of withstanding the 600-1000C ambient temperature without significant degradation. Fused silica is generally thought to survive operation at temperatures up to about 1000C because the strain point for fused silica is about 1070C. Below the strain temperature, annealing or microscopic 
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Wavelength (nm) structural changes are not thought to occur appreciably, and strain or temperature measurements are reversible and repeatable. One must also consider the stability of dopants in optical fibers, as dopant migration can significantly affect fiber properties and thus sensor accuracy. Below 1000C, germanium or fluorine dopant diffusion is thought to be somewhat minimal, but increases appreciably at higher temperatures [9] . Packaging is also highly relevant for all types of fiber-optic harsh-environment sensors, partially because embrittlement of fused silica does occur in this environment and also because of the potential for interactions between the fused silica network and chemical species present in the ambient chemical environment. The fiber-package must ensure thermal expansion compatibility and protection from mechanical shock while still exposing the fiber to the environmental feature to be measured.
Fuel cells are the most common systems that use hydrogen fuel. This feature can create additional engineering difficulties which must be overcome for safe use of H2. Often, heavier fuels are reformed into hydrogen and CO using an upstream process or in a cell designed to internally reform the heavier fuels. Because hydrogen is the smallest molecule, it diffuses easily into most other materials at appreciable rates even at relatively low temperatures. There is considerable literature on the effects of hydrogen-loading on optical fiber properties, as hydrogen is often used as an optical fiber photosensitizing agent prior to UV photo-exposure resulting in optical index changes [4] . This technique is commonly used to inscribe Fiber Bragg Gratings in standard optical fiber at room temperature. Some recent studies have summarized the observation of losses in fused silica fibers due to hydrogen exposure although further work is required to fully elucidate the underlying interactions for application relevant temperatures and gas stream compositions [5, [12] [13] [14] [15] [16] [17] [18] .
A primary driver for hydrogen-associated optical losses in fused-silica is the formation of OH based defects within the amorphous glass structure. These OH centers present a primary absorption band near 2350nm, with a first harmonic near 1200nm. The OH absorption and its harmonic are plotted in Figure 2 . At low hydrogen concentrations, the absorption spectrum is localized to a few tens of nanometers in width. As the concentration of OH centers increases, the width and intensity of the observed absorption spectrum increases such that it can cover a large portion of the usable transmission bandwidth of the optical fiber. Although somewhat contrary to this effect, a high-OH concentration is also known to increase transmission in the UV region of the spectrum due to reductions in ion-defect density with hydrogen loading. While this absorption feature often goes unnoticed for most fiber-optic applications, it becomes important in applications like downhole-temperature sensing in oil or gas wells, level sensors for hydrogen storage, or hydrogen detection for fuel cells or chemical production facilities. Each of these special cases requires exposure to large hydrogen concentrations over a wide range of temperatures. Near room temperature and atmospheric pressure (or below), fibers can operate for long periods of time with no significant hydrogen-induced losses. In applications like down-hole sensing where there is hydrogen present along with other hydrocarbons, the temperature is above ambient, and the pressure is high; significant hydrogen diffusion occurs. Fibers in downhole applications can only be expected to operate for a few weeks without acquiring significant loss. These fibers are occasionally coated with carbon or another barrier material to absorb the diffusing hydrogen and prevent it from accumulating. Fibers treated in such a way will exhibit extended lifetime in the same conditions, although the efficacy of the protective coating depends largely on environmental conditions and coating quality. Furthermore, carbon coatings will only survive up to a few hundred degrees C, making them incompatible with high-temperature SOFC systems. The sensing of hydrogen concentrations or temperature inside an operating fuel cell presents an array of problems which must be overcome to provide stable, continuous sensor data. First, the fiber substrate itself must survive the high-temperatures and large hydrogen concentrations. Then, the sensing element must be capable of repeatedly transducing hydrogen concentration over the entire possible 0-100% span and temperatures over roughly a 1000C span which exists in many fuel-cell systems. Finally the fiber substrate, sensing element, and encapsulating packaging must be mechanically stable over the same range of conditions. Failure of any one of these three critical components prevents successful sensing in the target environment. In addition to the usual known failure mechanisms we also note that small changes in the fiber scattering features can severely affect the response of a distributed interrogation system which carefully measures such scattering features. The intrinsic scatterers in glasses are known to be a result of impurities, density fluctuations, or composition fluctuations; which make study of scattering changes in glasses complicated. Each of these scattering sources can be affected by the influx of H2 and lead to measurement instability.
The accuracy of a given scattering-based distributed measurement is a product of the stability of those scattering centers inside the optical fiber. The experimental section herein discusses the use of a Luna OBR 4600 optical backscattering reflectometer to perform distributed measurements. That system relies on interferometry to match a reference Rayleigh backscattering profile to a device-under-test scattering profile [6] . Sections of the fiber under test that have been heated will appear to have that same scattering profile along the length frequency-shifted in accordance with the thermal expansion of the fiber. Likewise, applied strain will produce a shifted scattering pattern. We can expect that any physical change that results in the permanent movement or drift of a Rayleigh scatterer will reduce the ability of the OBR system to track the small shifts in those scatterers due to thermal effects. Fibers have been observed to exhibit drift of scattering features and measurements eventually become erroneous due to an inability to statistically match the scattering pattern with the reference. Once the fiber's intrinsic scattering pattern has been changed, all subsequent measurement may be impossible without obtaining a new reference scattering pattern.
EXPERIMENTS
In this work we conduct a series of experiments aimed at fiber-optic sensor survivability inside an operating hightemperature SOFC. First, initial temperature experiments in a hydrogen-fed tube furnace are discussed. Fiber preparations which improve the sensing response are identified and evaluated. Then, hydrogen sensing experiments are proposed. Therein, single-mode fiber optic sensors are produced using D-shaped fiber, which has been etched to expose the fiber core, and subsequently re-coated with a hydrogen sensitive coating. Finally, results of the hydrogen=invariant temperature sensing experiments are discussed to elucidate the necessary steps for the construction of robust dualpurpose distributed sensor elements.
Single-mode temperature sensing
In this series of tests, a Luna inc. OBR 4600 was used to interrogate a length of Corning SMF-28e fiber test-fiber as shown in Figure 3 . A short patch-cable with an FC/APC connector is fusion spliced to a few meters of SMF-28e. The end of the test-fiber is cleaved at an angle near Brewster's angle to minimize back reflections from that end. The testfiber is inserted into a sealed tube-furnace with gases supplied via mass flow controllers (MFCs). A reference Rayleigh backscattering profile is recorded at room temperature. This backscattering profile is shown in Figure 4 . The backscattering profile is reduced in magnitude at points which introduce significant transmission loss. The front panel connection and any fusion splices therefore are observable as sharp reductions in the backscatter profile. The Luna system was configured to conduct interferometric scans with a ~1550nm center wavelength and a ~20nm scan width. The sensing calculations are performed with a 0.5cm "sensor spacing" and a 1cm "gauge width". The sensor spacing refers to the resolution or number of calculated temperature points produced by the sensing algorithm. The gauge width indicates the size of the calculation window over which cross-correlation is performed to determine spectral shift size (and subsequently temperature). We note that a tradeoff exists between the maximum temperature gradient that can be realized, and the accuracy of individual temperature measurements. These values were chosen to provide reasonable accuracy over the 0-1000C range of interest, accounting for relatively large gradients at the beginning and end of the hot-zone being measured. To verify the ability of the system to measure high-temperatures with standard telecommunications fiber, the temperature was ramped up to 1000C in 50C increments in an air-like-atmosphere (20% O2, 80% N2). Figure 5 shows the spectral shift estimated by the temperature calculation algorithm for each set point. Measurements are shown to be stable while ramping up to approximately 775C. Above 775C, the algorithm loses track of the temperature and produces erroneous results. The changes noted in the scattering profile appear to be permanent upon heating to this temperature in air. A cool-down was performed to confirm that the changes were indeed non-reversible. Next the fiber was heated to 900C for 2 hours to determine if permanent scattering-center drift could be eliminated via thermal processing. This "annealing" step was followed by a cool-down, and re-heat with measurements again performed every at every 50C increment. It was possible using this technique to measure slightly higher temperatures approaching 850C in air. These observations are consistent with modifications to a range of various chemical and physical properties of the silica fiber that can give rise to the measured Rayleigh backscattering which are modified over a corresponding range of temperatures. This is consistent with the general assumption that scattering can occur as a result of density or compositional fluctuations which are known to occur at high temperatures. Exposing the fiber to temperatures above the intended maximum operating temperature can therefore result in an increased stability at the maximum operating temperature.
Distance (m) Figure 5 -Spectral shift and estimated temperature during furnace heating using SMF-28 test-fiber. Erroneous measurement at 800C
The next experiment was designed to evaluate the ability of a standard optical fiber to measure high-temperatures in the presence of a hydrogen atmosphere. Again, the scattering profile was measured as a reference at room temperature. Then, the fiber was heated to 700C in air, and the atmosphere was changed to 100% hydrogen. Upon addition of the hydrogen, the scattering profile was observed to change drastically, while losses increased substantially over the length of the sensing section. It was proposed that a possible mitigation method could be to load the fiber with OH centers to a large extent of the maximum OH concentration in order to stabilize the response. This was accomplished by cycling 20% O2 in nitrogen and 100% H2 through the furnace with a ½ hour duty cycle over 4 hours. After the oxidizing/reducing cycles, losses were noted to be significantly higher in the fiber. The increases in losses due to OH absorption seem to have increased and leveled off at a maximum at this temperature. These changes appear semipermanent, and were not erased by cooling. Unfortunately, after extended exposure to 100% hydrogen and 800C, transmission losses and permanent scattering changes eventually increased to the point where measurement was impossible. This, however, was noted to take several days to occur at that temperature. While the fiber was not useful for distributed sensing at that point, some transmission was still observed.
Temperature sensing with increased scattering features
Because the temperature sensing algorithm relies on statistically matching a section of the reference scattering profile to the device under test, we postulate that the accuracy can be improved by increasing the magnitude of Rayleigh scattering in the fiber [19] . To test this hypothesis, we identified methods of locally increasing backscattering in optical fiber which were thought likely to be stable at high temperatures. First, we observed a significant body of literature devoted to heating with a fusion-splicer as a means to produce long-period fiber Bragg gratings [7] . The application of high-heat both modifies the index of refraction in the fiber, and tends to increase scattering as more light is directed away from the fiber core into cladding modes at the segment where heating was applied. Secondly, we also note that researchers have previously employed femto-second laser energy to induce damage in the fiber core and subsequently produce optical index changes in order to write Type II fiber Bragg gratings or write other guiding structures within the fiber [8] . The damage associated with ultra-fast laser phenomena also are known to increase the local Rayleigh scattering in the fiber.
A set of suitable test fibers were produced using fusion-splicing techniques as well as femto-second laser irradiation. A simple procedure was introduced for arcing a fiber using a fusion splicing fibers continuously using a Fitel S178LDF splicer. A ~20cm section of the fiber was stripped, and the fiber was translated through the fusion-splicer electrodes between each arc. Arc power was reduced to about 10mA, which was the lowest arc-power at which scattering was observed to change observably when viewed using the OBR. Upon microscopic observation of the fiber, variations in the surface morphology were noted, indicating that some melting of the fiber was occurring. These changes in morphology induced significant strain in the fiber, which caused cracking and failure of the fiber upon heating. Therefore, we conclude that fusion splicing to increase scattering may be a viable technique, but may also require annealing of the fiber to reduce resultant strain. The splicing technique may be a viable option if a reasonable operating point exists at which scattering is increased, but induced strain is not so high as to endanger survival of the heated fiber.
Fibers were also produced with increased scattering via femto-second laser irradiation. These tests were performed using D-shaped fiber, because it was easier to focus the laser into the core through the flat facet on the D-fiber. This also produced samples which could be easily etched and recoated for hydrogen sensing experiments later. Fibers were irradiated using a Coherent RegA 9000 laser system that produced 300fs laser pulses at 800nm and a repetition rate of 250kHz. The beam was focused onto the fiber core using an 80X, aberration-corrected microscope objective (NA = 0.75). The objective was also used to image the flat facet of the fiber, as well as locating the fiber core with respect to the laser beam focal spot. During the laser irradiation, the D-fiber samples were firmly clamped on a three-axis motion stage (Aerotech ABL2002) and translated in the direction perpendicular to both the irradiation beam and the laser polarization. The translation speed is set from 0.1mm to 1mm/s to find the best scattering result. The scattering profile was observed on the OBR during and after irradiation. Figure 6 shows the fiber backscattering profile, including the femto-second irradiated region. The backscattering evenly increased between -72 dB and -62 dB by using optimized irradiation parameters. Fibers produced using the femto-second laser irradiation technique were used for temperature sensing tests up to 800C. Figure 7 shows the scattering profile while the fiber is heated to 750C in air, and later exposed to 5% hydrogen. The data shows that the increase in scattering is permanent during the heat, indicating that the resultant scattering increases are stable over the entire range of temperature. The larger scattering features are easier for the temperature sensing algorithm to track, and result in a significant increase in the spectral-shift tracking-quality, which is directly correlated to the certainty of a single temperature point. Figure 8 shows the measured temperature along the length of the heated zone during the hydrogenated temperature measurement. We observe reasonable temperature measurements along the length of most of the heated zone with temperature varying from ambient to 800C at the highest heating level. There is one area, which corresponds to the beginning of the irradiated section that does not adequately track temperature. This could be due to the micro-bending of the d-shaped fiber in the region where stress is likely to be higher at the beginning of the irradiated section. It may also be a result of a temperature gradient too large to track with the present sensing configuration and gauge length. We intend to determine if this effect can be mitigated through use of a cladding suppression layer. It could also be possible to make longer irradiated sections, and simply not use data from the initial segment of irradiated fiber if that segment displays the same issue in subsequent samples. The stability of the scattering enhancement produced using the femto-second laser irradiation technique was tested by heating the fiber up to 800C in 5% H2 atmosphere. Results in Figure 9 show that the enhancement profile didn't change after 19 hours at 800C, which ensures that the sensor can perform well for high-temperature hydrogenated operation. The temperature variation does not appear to affect the intensity of the enhancement. When heating the samples up to 800C, no significant change in scattering intensity was observed. Temperature measurement at 800C was performed multiple times with several heating and cooling cycles. Temperature cycling showed that the measured temperature variations for the same points in the furnace were less than 4C. Length (m) Figure 9 (a) stability of the scattering enhancement at 800C in 5% H2 (b) Stability in 5% H2 from room temperature up to 800C, (c) different temperature measurements at 800C taken in separate heating cycles.
CONCLUSIONS
Fuel-cell sensors capable of monitoring hydrogen concentration and temperature are very close to being realized as fiber-optics devices. These new sensing elements have been demonstrated to provide continuous measurements along the fiber length through combination of novel fiber configurations and distributed interrogation techniques. Difficulties are encountered in the high-hydrogen harsh-environment intrinsic to SOFCs. Primarily, the introduction of high hydrogen levels at temperature produced instability in the Rayleigh scattering patterns which are tracked by the Rayleigh distributed interrogation system to read-out temperatures. The scattering instability was mitigated by using different methods of increasing the background scattering level such that the increased scattering was easier to cross correlate, and thus was more robust and reliable as a Rayleigh-scattering-based sensing platform. Of the methods discussed here, femto-second laser induced damage was determined to be effective at increasing background scattering to increase the reliability of sensor data for SOFC measurements. This is because the damage written into the fiber core via ultra-fast laser pulses is known to be stable at high temperatures (even above the strain point) in fused silica. In fact, femto-second laser written FBGs are known to survive in fused silica up to 1200C [10] . We demonstrated that the higher resultant stability permits scattering-based temperature measurements, even in the presence of 100% hydrogen over time scales of tens-of-hours hours measured to date. This is likely because the increases in scattering induced by the laser irradiation here are larger in magnitude than the increases in scattering observed to occur during exposure-testing at high H2 levels and high temperatures. This effect should predominate until hydrogen permeation induces losses large enough to mitigate the increases in scattering provided by the laser irradiation.
The positive results obtained through temperature sensing also indicate that hydrogen concentrations can accurately be quantified using the same irradiated fiber platform. Furthermore, we believe that both measurements can be obtained simultaneously on the same fiber. Results obtained here show that although the hydrogen itself affects the fiber platform as well as the sensing material being employed; the effects on Rayleigh scattering can be superseded by large induced scattering. There is obviously a practical limit to the amount of scattering losses that can be tolerated by a given system employing long lengths of sensing fiber or multiple sensing segments. The limits on the length of fibers that can be interrogated effectively are usually imposed by the interrogation equipment which exhibits a particular available power and dynamic range. In this case, scattering losses will eventually reduce the signal-to-noise ratio for downstream fiber segments and will dictate the useable length of fiber. Fortunately, fiber sensor strings can be engineered to provide increased losses in sections most likely to exhibit scattering changes due to environmental exposure, while fiber segments in relatively benign areas can be effective as low-loss, low-scattering intrinsic temperature or strain sensors.
